Abstract
8 was used to clean the surface of the blocks, which were carbon-coated to a thickness of 159 15nm using an EMITECH K450 sputter coater prior to analysis. The resin blocks were 160 examined under SEM using back scatter detection, with site-specific composition 161 determined by EDX. 162
163

Hydrofluoric Acid Etching Experiments 164
In order to study the structural habits of CFA mineral components in detail, the 165 amorphous glass matrix must first be removed by an etching process. Bulk CFA samples 166 were placed on 0.45μm Whatman cellulose nitrate membrane filters (47mm diameter) 167 inside a separable Millipore filter unit attached to a syringe. The samples were then 168 suspended in 40% hydrofluoric acid (HF) for 30 seconds, enough time to allow the acid 169 to etch away a layer of the amorphous aluminosilicate glass matrix. Following 170 completion of the etching time, each sample was flushed with de-ionised water to ensure 171 removal of surface HF acid. The resin-embedded polished blocks were also subjected to 172 the same etching process for cross-sectional comparison of the spheres; the resin is 173 unaffected by the acid. 174 175
X-Ray Diffraction 176
Sample mineralogy was determined by XRD analysis carried out using a Philips PW1710 177 diffractometer with Co-Kα radiation (from a Cobalt tube) generated at 35kV and 40mA. 178
All samples were packed into a cell using double-sided tape and measurements were 179 taken between 2 and 70 2θ at a scan speed of 0.040 °2θ/sec with a count time of 0.5 180 sec/step with a total of 3400 steps. 181
Inductively Coupled Plasma-Mass Spectrometry 182
The major and selective trace elemental compositions of bulk and PM 10 CFA samples 183 were determined using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). The 184 Claisse Fluxy fusion system was used to prepare samples for analysis. 1g (+/-1%) of 185 each sample was weighed and placed into a platinum crucible. In each crucible, 0.6g of 186 50% lithium metaborate and 50% lithium tetraborate flux was added; 6-9 drops of lithium 187 iodide were also added to each crucible as a wetting agent. The crucibles were then 188 heated to between 800˚C -1000˚C. The resulting flux was then tipped into a beaker 189 containing diluted nitric acid and 1ml of 100ppm rhodium solution (internal standard). 
Results
196
Particle Size Distribution 197
The values obtained represent equivalent spherical diameter (ESD); although the majority 198 of CFA particles are spheres, irregular shaped particles are also common. The median 199 mass diameter (MMD, μm) and specific surface area (SSA, m 2 g -1 ) values were 200 determined for each sample (Table 1 ). The bulk sample represents the full size-201 distribution of the sample, including spheres, composites/aggregates and large 202 agglomerates, or grains, whereas the PM 10 fraction is composed almost exclusively of 203 individual spheres. The separation of the PM 10 fraction from the bulk was successful, 204 with the average sphere size of the respirable fractions ranging from between 1.98 -205 5.64μm. The Chinese PM 10 samples displayed both smaller particle size and greater SSA 206 values than the European PM 10 samples, at 1.98μm/3.01m 2 g -1 (CH1) and 207 2.42μm/2.96m 2 g -1 (CH2), compared to the European samples particle size range of 208 3.50μm -5.64μm and SSA range of 1.72 -2.20m 2 g -1 . The bulk samples showed greater 209 variation, most notably the Chinese samples, which revealed a dramatic increase in 210 particle size between the PM 10 and bulk samples; conversely, the PL2 sample displayed 211 little difference between samples. 212
Insert Table 1 213
Morphology 214
The FE-SEM analysis revealed a variety of particle morphologies, although the vast 215 majority of particles were spherical. These spheres were present as solid or hollow 216 spheres (cenospheres); fragments of spheres were also present. In addition, some spheres 217 were seen to house other much smaller sub-micron sized particles, these structures are 218 known as plerospheres. Another common feature observed was the aggregation of 219 smaller spheres to form larger masses; smaller spheres were also adhering to the surfaces 220 of other larger spheres or agglomerates. The FE-SEM images (Figures 1a-1h) illustrate 221 some of the key features observed during morphological analysis. The UK1 PM 10 sample 222 ( Figure 1a ) consisted of spheres that were highly uniform in shape and surface texture, 223 their size ranging between 3μm -5μm in diameter (laser diffraction MMD value of 224 3.50μm); with the exception of a few larger spheres up to 15μm. Plerospheres were 225 frequently observed during analysis (Figure 1b) . The spheres in the UK2 sample ( Figure  226 1c) had notably rougher surface textures than those of the UK1 sample (conditioned 227 11 CFA). An uncommon chain-like structure was found in the UK2 PM 10 sample, where 228 three adjoining spheres, fairly uniform in size (~2μm), appeared to have fused together; 229 their surface textures varied from very rough to quite smooth (Figure 1d ). The overall 230 morphology of the PL1 PM 10 sample was comparable to that of the UK1 PM 10 sample; 231 however, the spheres possessed a rougher surface texture by comparison. An unusual 232 particle was found in the PL2 sample, its morphology suggests extremely rapid 233 solidification during movement-derived deformation (Figure 1e ). FE-SEM images of the 234 HF etched bulk samples revealed that mullite fibres form a three dimensional mesh cage 235 integral to the particles overall morphology (Figures 1f -1h) ; as such the recrystallized 236
sphere is a pseudomorph of the original wholly glass sphere. Fibres were observed to 237 differ in both length and width, with some spheres possessing thick fibres ( Figure 1f The XRD analysis (Figures 3a-3d ) revealed the most abundant minerals found in CFA to 262 be quartz, mullite and hematite. The diffractogram for the UK1 sample ( Figure 3a ) had a 263 clearly visible baseline distortion due to the amorphous glass, which can cause peaks to 264 appear less prominent; quartz and mullite were the dominant minerals. Upon heating, the 265 diffractogram for the UK1 sample showed an increase in mullite peaks, with a decrease in 266 quartz peaks, and the emergence of a strong hematite peak. The major peaks observed 267 during analysis of the UK2 sample were quartz and mullite, with quartz being the most 268 abundant. The number of identifiable peaks dropped considerably after heating, though 269 the intensity of the peaks remaining appeared not to have been affected. The PL1 sample 270 had high counts for quartz and mullite ( Figure 3b) ; the heating program failed to alter the 271 mineral content of the PL1 sample. The level of baseline distortion was high for the PL2 272 sample, with low counts for quartz and mullite. The PL2 sample showed some notable 273 13 changes upon heating. The counts for the quartz and mullite peaks increased slightly, and 274 a number of new hematite peaks were observed. The CH1 sample displayed peaks for 275 quartz, mullite and hematite, as well as gypsum (Figure 3c ). The CH2 sample also 276 displayed strong peaks for quartz, mullite and hematite. Overall, the counts for the 277
Chinese CFA crystalline mineral peaks were much higher than those seen for the 278 European CFA; in addition the baseline was flatter. Along with the CFA samples, the 279 mineral composition of PL1 pulverised feed coal was analysed, revealing peaks for quartz 280 and kaolinite, halite, illite and pyrite ( Figure 3d ). 281
Insert Figure 3 282
Geochemical Composition 283
The major elemental compositions of all six samples were determined via ICP-MS (Table  284 2a). In order to assess whether elements were disproportionally fractionated dependent on 285 particle size, the elemental compositions of four PM 10 samples were also determined. The 286
Chinese samples had the highest Si content, CH1 at 58.49wt% and CH2 at 54.59wt% 287 (PM 10 ; 54.15wt%), considerably higher than the UK1 and UK2 samples, which were 288 44.72wt% (PM 10 ; 51.07wt%) and 44.27wt% (PM 10 ; 47.16wt%), respectively. The Al 289 content of samples was more consistent, ranging between 20.55wt% -26.14wt%. The 290 levels of Mg and K were higher in the Polish samples, especially PL2 which had values 291 of 3.31wt% and 3.36wt% respectively, compared to CH2, whose levels were the lowest, 292 at 0.82wt% and 0.34wt%. The levels of trace elements varied between sub-samples; the 293 UK bulk samples had higher values than the PM 10 equivalents for every element except 294 Ba and Zr (Table 2b ). The Ni content ranged from 52ppm for CH1 to 541ppm for CH2. 295
The same level of variation was seen for Zn, which was present at 83ppm for CH1 and 296 14 702ppm for PL2. The highest levels of Cr were found in the CH2 sample at 324ppm, with 297 the lowest levels found in the CH1 sample at 93ppm.. The PL2 bulk and PM 10 samples 298 were very similar in major and trace composition, yet the readings for the CH2 PM 10 299 sample were higher than those seen in the bulk sample for every trace metal except Cr, Ni 300 and Zr. There appears to be an enrichment of Ca in the PM 10 fraction, which was noted 301 for 3 of the 4 PM 10 samples. The levels of Ca in the CH2 PM 10 sample were over double 302 those seen in the bulk sample. In addition, the SiO 2 :Al 2 O 3 ratio appears to shift in the 303 are commonly referred to as ferrospheres (Sokol et al, 2002) . The crystalline mineral 319 15 fibres identified following the HF etching procedure proved to be an aluminosilicate 320 composite (Figure 4d ). Further analysis was performed on exposed crystals that had been 321 etched, revealing whole particle scaffolds to be composed of fibrous mullite; this was 322 confirmed using both pin-point analysis and a quadrat setting (Figures 4e and 4f) . 323
Insert Figure 4 324
Discussion
325
Morphology 326
The morphology of the CFA showed only marginal differences between samples, mainly 327 in average particle size. However, the conditioning of the UK1 sample with locally-328 sourced seawater resulted in the removal of surface condensates and water soluble 329 phases; although EDX analysis revealed these compounds were often replaced with NaCl 330 crystals. The difference in surface texture between UK1 and UK2 suggests the material 331 has adhered to the surface as opposed to protruding from the particle body. It is probable 332 that relative particle surface charge plays a key role in dictating the degree of surface 333 coating, as there does not appear to be a correlation between size and surface texture (Li 334 et al, 2011). Particles will become negatively charged on passing through the electrostatic 335 precipitators, the degree to which each particle holds this negative charge is likely 336 dependent on their individual composition. Previously, surface charge has been shown to 337 be dependent on composition in the clay mineral montmorillonite for particles ~1μm) 338 (Liu et al, 2008 ). Slight differences in surface charge, either during particle formation or 339 electrostatic precipitation, may influence the level of coating for each particle. (Table 2a and 2b), despite notable differences in particle median 359 mass diameter as seen in the laser diffraction analysis (Table 1) . It is worth noting that the 360 surface compositions of fugitive CFA re-suspended from power stations, or emitted from 361 the stack, may differ from CFA collected directly from an ESP unit, as particles readily 362 acquire new surface compounds during long-distance travel, such as polycyclic aromatic 363 hydrocarbons (Eiceman and Vandiver, 1983). The increased Ca content in the CH2 PM 10 364 sample is likely to be Ca(OH) 2 particle surface material associated with the smaller size 365 fraction derived from contaminating limestone bedrock in the coal that was initially 366 converted to CaO, and then hydrated to Ca(OH) 2 . This would explain the highly basic pH 367 of the Chinese CFA, which was determined during previous pH elution analysis (data not 368
shown). The analysis found all six CFA samples and their PM 10 fractions to be alkaline, 369
with little variation between fractions over a seven day trial period. Surface Ca(OH) 2 has 370 been cited previously as a source of CFA alkalinity (Dutta et al, 2009 ). It is noted that 371 post-combustion "conditioning" of the UK1 sample appeared to reduce CFA alkalinity 372 (pH 11.7 for UK2 reduced to 8.8 for UK1), suggesting surface material or accessible 373 soluble elements dissociated during "wetting" of the CFA with local seawater (pH ~7.5). 374
Broncheo-alveolar lung fluid is known to have a pH ~7.3, thus it is possible the same 375 surface dissolution chemistry of soluble components would apply in the lung 376 environment. It is also observed that as the Ca content increases from bulk to PM 10 377 samples, the Fe content is seen to decrease, especially for CH2. This is likely to be a 378 result of the separation process causing a decrease in the number of Fe-bearing spheres 379 1e: FE-SEM image of a particle found in the PL2 sample, which has had its shape 696 distorted whilst cooling, presenting an unusual pear-shaped morphology. 697 
